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Abstract

Context: Younger age at treatment onset with conventional therapy (phosphate salts and active vitamin D; Pi/D) is associated with improved
growth and skeletal outcomes in children with X-linked hypophosphatemia (XLH). The effect of age on burosumab efficacy and safety in XLH is
unknown.

Objective: This work aimed to explore the efficacy and safety of burosumab vs Pi/D in younger (< 5 years) and older (5-12 years) children with
XLH.

Methods: This post hoc analysis of a 64-week, open-label, randomized controlled study took place at 16 academic centers. Sixty-one children
aged 1 to 12 years with XLH (younger, n = 26; older, n = 35) participated. Children received burosumab starting at 0.8 mg/kg every 2 weeks
(younger, n = 14; older, n = 15) or continued Pi/D individually titrated per recommended guidelines (younger, n = 12; older, n = 20). The main
outcome measure included the least squares means difference (LSMD) in Radiographic Global Impression of Change (RGI-C) rickets total score
from baseline to week 64.

Results: The LSMD in outcomes through 64 weeks on burosumab vs conventional therapy by age group were as follows: RGI-C rickets total score
(younger, +0.90; older, +1.07), total Rickets Severity Score (younger, —0.86; older, —1.44), RGI-C lower limb deformity score (younger, +1.02; older,
+0.91), recumbent length or standing height Z-score (younger, +0.20; older, +0.09), and serum alkaline phosphatase (ALP) (younger, —=31.15% of upper
normal limit [ULN]J; older, —=52.11% of ULN). On burosumab, dental abscesses were not reported in younger children but were in 53% of older children.

Conclusion: Burosumab appears to improve outcomes both in younger and older children with XLH, including rickets, lower limb deformities,
growth, and ALR compared with Pi/D.

Key Words: burosumab, fibroblast growth factor 23, X-linked hypophosphatemia, rickets, children

Abbreviations: 1,25(0H),D, 1,25-dihydroxyvitamin D; 25(0H)D, 25-hydroxyvitamin D; AE, adverse event; ALP, alkaline phosphatase; FGF23, fibroblast growth
factor 23; GEE, generalized estimating equation; iPTH, intact parathyroid hormone; LSMD, least squares means difference; Pi/D, phosphate salts and active
vitamin D; RGI-C, Radiographic Global Impression of Change; RSS, Rickets Severity Score; TEAE, treatment-emergent adverse event; TmP/GFR, tubular max-
imum for phosphate reabsorption per glomerular filtration rate; ULN, upper limit of normal; XLH, X-linked hypophosphatemia.
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X-linked hypophosphatemia (XLH) is a rare, heritable skel-
etal disorder characterized by excess production and circu-
lating concentrations of fibroblast growth factor 23 (FGF23),
resulting in renal phosphate wasting, hypophosphatemia, and
defective bone mineralization that causes rickets, osteomal-
acia, skeletal deformities, short stature, pain, decreased linear
growth, and reduced physical function (1-3). Previous con-
ventional therapy for XLH included high doses of phosphate
salts and active vitamin D (Pi/D); however, complications of
XLH (eg, nephrocalcinosis and hyperparathyroidism) may
persist or eventually be exacerbated with Pi/D, and gastro-
intestinal symptomatology may limit compliance with the
requirement for multiple daily doses (4-6). Furthermore,
Pi/D often may not correct biochemistry, resolve the radio-
graphic features of rickets, or prevent dental abscesses and
enthesopathy (7, 8).

A randomized, open-label, phase 3 study comparing con-
tinuation of Pi/D vs switching to burosumab, a fully human
immunoglobulin G1 monoclonal antibody to FGF23, en-
rolled children aged 1 to 12 years with XLH. Treatment
with burosumab led to significantly better renal phosphate
reabsorption and serum phosphate levels, as well as im-
proved rickets, lower limb deformity, linear growth, and mo-
bility compared with Pi/D therapy (9). Given that initiation
of previous conventional therapy at a younger age (< 1 year)
in XLH has been reported to improve growth and skeletal
outcomes compared with initiation at later ages (10, 11), we
assessed the efficacy of burosumab vs Pi/D in younger vs older
children with XLH. Because randomization for this study was
stratified by age younger than 5 and 5 years and older to en-
sure even age distribution between treatment arms, a post
hoc analysis was possible to explore the efficacy and safety
of burosumab vs Pi/D in these 2 subgroups. We also assessed
the difference in the response specifically to burosumab in
younger compared with older children.

Materials and Methods

Participants

The randomized, active-controlled, open-label, phase 3 study
(CL301) has been published (9). The study was conducted
at 16 academic health centers in the United States (n=3),
Japan (n = 3), Canada (n = 3), the United Kingdom (n = 2),
Sweden (n = 1), South Korea (n=1), and Australia (n=1).
Principal inclusion criteria were children aged 1 to 12 years
with XLH, fasting serum phosphorus less than 3.0 mg/dL
(<0.97 mmol/L), PHEX mutation or variant of unknown
significance confirmed in the child or a family member, total
Rickets Severity Score (RSS) 2.0 or greater, and treatment
with conventional therapy for 6 consecutive months or more
for children younger than 3 years or 12 months or more for
children aged 3 years and older.

Principal exclusion criteria were Tanner stage 4 or 5;
height above the 50th percentile for age and sex based on
country-specific norms; use of growth hormone therapy in
the 12 months before screening; plasma intact parathyroid
hormone (iPTH) greater than 180 pg/mL (19 pmol/L); hypo-
calcemia or hypercalcemia; renal ultrasound indicating grade
4 nephrocalcinosis (on a scale of 0-4) (12); or planned ortho-
pedic surgery.

The study was conducted in accordance with the
Declaration of Helsinki and the Good Clinical Practice
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guidelines developed at the International Conference on
Harmonization of Technical Requirements for Registration
of Pharmaceuticals for Human Use. The institutional re-
view board at each participating site approved the protocol.
Parents or guardians provided written informed consent for
study participation. Children gave written consent or assent
per local guidelines, and an independent committee moni-
tored safety.

Study Design, Treatment, and End Points

As previously described (9), following a 7-day washout
period of Pi/D, children were randomly assigned 1:1 using an
Interactive Web Response System to receive open-label sub-
cutaneous burosumab starting at 0.8 mg/kg every 2 weeks or
to restart Pi/D, with doses titrated individually and consistent
with published recommendations (oral phosphate 20-60
mg/kg per day, and alfacalcidol 40-60 ng/kg per day or
calcitriol 20-30 ng/kg per day) (5, 6). The dose of burosumab
could be increased to 1.2 mg/kg every 2 weeks if 2 consecutive
predose fasting serum phosphorus concentrations were less
than 3.2 mg/dL (< 1.03 mmol/L) and serum phosphorus had
increased by less than 0.5 mg/dL (< 0.16 mmol/L) from base-
line on any single measurement. Pi/D doses and dose adjust-
ments were made at the discretion of the treating physician
in line with the recommended standard-of-care guidelines
(5, 6). Randomization was performed in blocks and stratified
by RSS (< 2.5 vs > 2.5), age (< 5 vs > 5 years), and whether the
child was enrolled from Japan or elsewhere. All participants
received their assigned treatment for 64 weeks. Treatment
compliance was assessed by site personnel during scheduled
biweekly telephone visits; empty vials were to be returned to
the study site for accountability records. Supplementation (eg,
cholecalciferol) was allowed if serum 25-hydroxyvitamin D
(25[OH]D) levels fell below 20 ng/mL.

Post hoc Subgroup Analysis

Randomization was stratified by age to ensure equal dis-
tribution of ages between the two treatment arms. In this
descriptive post hoc analysis, the efficacy and safety of
burosumab vs Pi/D during the 64-week randomized treat-
ment period were initially compared in children younger
than 5 years (ie, younger children) and in those aged 5
to 12 years (ie, older children). Next, the differences in
treatment effect (ie, burosumab vs Pi/D) for each efficacy
outcome were compared between the younger and older
children; the differences in efficacy outcomes were also spe-
cifically compared between younger and older children who
received burosumab.

As reported previously (9), the primary end point of the
study was change in rickets severity per the Radiographic
Global Impression of Change (RGI-C) rickets total score at
week 40. In this post hoc analysis, efficacy assessments to
study week 64 included fasting serum phosphorus, tubular
maximum for phosphate reabsorption per glomerular fil-
tration rate (TmP/GFR; limited to children aged > 5 years),
1,25-dihydroxyvitamin D (1,25[OH],D), 25(OH)D, alkaline
phosphatase (ALP), RGI-C rickets total score (at the wrists
and knees), total RSS, the RGI-C lower limb deformity score,
and the recumbent length or standing height Z-score. The
RGI-C is a 7-point ordinal scale (-3, severe worsening; -2,
moderate worsening; -1, minimal worsening; 0, no change;
+1, minimal healing; +2, substantial healing; +3, complete
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healing) whereby radiologists provided bilateral wrist and
knee scores, and an RGI-C total score that reflects the changes
both in the wrists and knees (13). Reviews were performed
independently by 3 radiologists were not among the authors.
Lower limb deformities were also assessed using RGI-C. The
RSS assigns a total score ranging from 0 (no rickets) to 10
(severe rickets) based on the sum of scores from the more
severely affected wrist (0-4) and knee (0-6) (14). Safety as-
sessments included adverse events (AEs), renal ultrasound
nephrocalcinosis scores, and plasma iPTH levels. Laboratory
samples were assessed by a central laboratory.

Statistical Analysis

In this post hoc analysis, efficacy data were summarized with
means and (SDs), medians with interquartile ranges, least
squares (LS) means with SE, and LS means difference (LSMD)
with 95% Cls, as appropriate. Serum phosphorus, TmP/GFR,
1,25(OH),D, 25(OH)D, ALP, and iPTH were summarized
with means and SDj serum ALP was expressed as the per-
centage of the age- and sex-appropriate upper limit of normal
(ULN). AEs were summarized descriptively as the number
and proportion of children in each age and treatment group.
There was no imputation for missing data.

In this post hoc analysis, within the younger and older
subgroups, the generalized estimating equations (GEE)
model with exchangeable covariance structure was used
to assess all clinical outcomes with repeated measures (ie,
the RGI-C rickets total score, total RSS, RGI-C lower limb
deformity score, and recumbent length or standing height
Z-score), as reported (9). Variables in the model included
treatment group, study visit, interaction between treatment
group and study visit, and between baseline stratification
factors and covariates. For recumbent length or standing
height Z-scores, baseline age and height or length Z-scores
were included as continuous covariates. LS means of the
treatment effects (burosumab vs Pi/D) assessed within an
age subgroup were considered statistically significant if P
values were below .05.

In the present post hoc analysis, differences in the re-
sponse to treatment by age group, and the difference in the
response specifically to burosumab by age group, were ex-
plored using the GEE model for RGI-C rickets total score,
total RSS, RGI-C lower limb deformity score, and recumbent
length or standing height. Specifically, the GEE model com-
pared the response to burosumab alone on efficacy outcomes
at week 64 between younger and older children, as well as
the treatment effect (burosumab vs Pi/D) between younger
and older children. LSMD (burosumab vs Pi/D) between age
subgroups were considered statistically significant if P values
were below .05.

Differences between age subgroups in exposure to
burosumab, phosphate, calcitriol, and alfacalcidol were as-
sessed using a 2-sample ¢ test. P values below .05 were con-
sidered statistically significant.

Results

Patients

Patients were recruited from August 3,2016, to May 8,2017.
Of 122 children initially screened, 61 were ineligible (9). In
total, 61 children with XLH were randomly assigned to treat-
ment (Pi/D, n = 325 burosumab, n = 29); 26 were younger (ie,
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aged 1-< 5 years; Pi/D, n = 12; burosumab, n = 14), and 35
were older (ie, aged > 5-12 years; Pi/D, n = 20; burosumab,
n = 15). No children discontinued the study. Demographics

and baseline characteristics by age groups are summarized in
Table 1.

Exposure

As reported previously for the total population, median daily
doses of oral Pi were within the recommended range, and me-
dian daily doses of active vitamin D were typically within the
recommended range (9). Twenty-six of 29 children received
all doses of burosumab, except for 3 children, who each
missed 1 dose (9). Eight of 29 (28%) children increased to
a burosumab dose of 1.2 mg/kg because of low serum phos-
phorus (9). In this analysis, there were no significant differ-
ences in mean (SD) weight-based burosumab doses between
younger and older children (Table 2). Although prestudy and
on-study doses of oral Pi (per kg) appeared to be higher in
older children than younger children, no statistically signifi-
cant differences were found. Similarly, although prestudy and
on-study doses of calcitriol (per kg) appeared to be higher in
younger children than in older children, no statistically sig-
nificant differences were found.

Efficacy
Biochemistry

In both age groups, children who received burosumab had
sustained increases in fasting serum phosphorus and TmP/
GFR, whereas those who received Pi/D had minimal changes
in these 2 parameters (Fig. 1A and 1B). Younger and older
children both had peak increases in serum 1,25(OH),D fol-
lowing the initial dose of burosumab; subsequent values were
within the normal range (Fig. 1C). In both age groups, serum
25(OH)D decreased slightly after the first dose of burosumab
and subsequently increased throughout the treatment period,
whereas serum 25(OH)D levels were relatively stable among
children who received Pi/D (Fig. 1D). Among younger chil-
dren, mean (SD) serum 25(OH)D for the treatment period
was 30.3 (11.0) ng/mL in those who received burosumab and
32.4 (6.9) ng/mL in those who received Pi/D. Among older
children, mean (SD) serum 25(OH)D for the treatment period
was 29.7 (13.8) ng/mL in those who received burosumab and
32.0 (10.4) ng/mL in those who received Pi/D. No children
had serum 25(OH)D in the range associated with rickets
and osteomalacia (ie, < 10 ng/mL) at any time point. Among
younger children, serum 25(OH)D between 10 and less than
20 ng/mL occurred in 2 children at baseline (burosumab,
n=1;Pi/D,n = 1), in 3 children at week 2 (burosumab, n = 3),
in 2 children at week 16 (burosumab, n = 2), and in 2 children
at week 40 (burosumab, n = 2). Among older children, serum
25(OH)D between 10 and less than 20 ng/mL occurred in
3 at baseline (burosumab, n = 1; Pi/D, n = 2), in 3 at week 2
(burosumab, n = 3), in 7 at week 16 (burosumab, n = 6; Pi/D,
n=1),in 4 at week 40 (burosumab, n = 1; Pi/D, n = 3), and
in 4 at week 64 (burosumab, n = 2; Pi/D, n = 2). In both age
groups, burosumab resulted in greater decreases in serum
ALP than Pi/D (Fig. 1E).

Rickets

Treatment with burosumab, compared with Pi/D, signifi-
cantly improved LS mean (SE) RGI-C rickets total score
(indicated by positive changes) at week 64 both in younger
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Table 1. Demographics and baseline disease characteristics
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Age<S5y Age>5y
Conventional therapy Burosumab Conventional therapy Burosumab
(n=12) (n=14) (n=20) (n=15)
Median (IQR) age, y 3.0(2.0t03.7) 3.1(2.21t03.7) 8.7 (6.2 t0 9.8) 7.8 (6.4 t0 10.2)
Sex, n (%)
Male 5(42) 3(21) 9 (45) 10 (67)
Female 7 (58) 11 (79) 11 (55) 5(33)
Race, n (%)
White 11 (92) 13 (93) 14 (70) 12 (80)
Asian 1(8) 1(7) 5(295) (7)
Other 0 0 () 2 (13)
Height Z-score
Mean (SD) -2.27 (1.01) -2.27 (1.15) -1.91 (0.76) -2.36 (1.22)
Median (IQR) -2.18 (-2.71 to -1.53) -2.31 (-2.77 to -1.68)  -2.06 (-2.38 to -1.40)  -2.02 (-3.20 to —1.40)
Mean (SD) serum phosphorus, mg/dL 2.39(0.22) 2.54 (0.22) 2.25(0.27) 2.31(0.22)
Mean (SD) serum phosphorus, mmol/L 0.77 (0.07) 0.82 (0.07) 0.73 (0.09) 0.75 (0.07)
Mean (SD) TmP/GFR, mg/dL? 1.95(0.33) 2.35(0.32) 2.05 (0.33) 2.08 (0.38)
Mean (SD) TmP/GFR, mmol/L? 0.63 (0.11) 0.76 (0.10) 0.66 (0.11) 0.67 (0.12)
Mean (SD) serum 1,25(OH),D, pg/mL 45.9 (14.2) 52.2 (22.4) 36.9 (14.6) 39.8 (15.8)
Mean (SD) serum 1,25(OH),D, pmol/L 110.2 (34.1) 125.3 (53.7) 88.5 (35.1) 95.4 (37.9)
Mean (SD) serum 25(OH)D, ng/mL 32.1 (8.1) 31.6 (8.9) 31.6 (11.3) 32.8 (12.0)
Mean (SD) serum 25(OH)D, nmol/L 80.1 (20.2) 79.0 (22. ) 78.8 (28.1) 81.9 (30.0)
Mean (SD) serum alkaline 534.5 (134.9) 529.4 (99. 516.8 (168.1) 493.3 (146.4)
phosphatase, U/L
Mean (SD) serum alkaline 166.1 (45.6) 166.7 (33.8) 157.5 (43.1) 153.2 (53.5)
phosphatase, % of ULN
Mean (SD) duration of conventional 1.7 (0.6) 1.5 (0.8) 5.9(2.8) 5.1(3.5)
therapy, y
Mean (SD) total RSS 3.50 (1.48) 3.29 (1.14) 3.00 (0.87) 3.07 (0.82)
Tanner stage, n (%)
1 12 (100) 14 (100) 19 (995) 13 (87)
2 0 0 1(3) 2 (13)

Abbreviations: 1,25(OH),D, 1,25-dihydroxyvitamin D; 25(OH)D, 25-hydroxyvitamin D; IQR, interquartile range; RSS, Rickets Severity Score; TmP/GFR,
tubular maximum for phosphate reabsorption per glomerular filtration rate; ULN, upper limit of normal.
“TmP/GFR data were available for 22 children younger than 5 years (conventlonal therapy, n = 12; burosumab, n = 10) and 32 children 5 years and older

(conventional therapy, n = 18; burosumab, n = 14).

children (2.04 [0.06] vs 1.14 [0.27]; LSMD, +0.90 [95% CI,
0.34-1.46]; P =.002) and in older children (2.06 [0.12] vs
0.99 [0.14]; LSMD, +1.07 [95% CI, 0.71-1.43; P < .001];
Fig. 2A). LSMD (95% CI) RGI-C rickets total score was not
significantly different between younger and older children
(=0.17 [-0.82 to 0.49]; P = .62) or between younger and
older children who received burosumab (-0.03 [-030 to
0.25]; P = .85). Treatment with burosumab compared with
Pi/D resulted in significantly improved LS mean (SE) total
RSS at week 64, both in younger children (-2.26 [0.12]
vs — 1.40 [0.28]; LSMD, -0.86 [95% CI, -1.45 to -0.27];
P =.005) and in older children (-2.20 [0.184] vs - 0.76
[0.158]; LSMD, -1.44 [95% CI, -1.91 to -0.96]; P < .001;
Fig. 2B). LSMD (95% CI) total RSS was not significantly
different between younger and older children (+0.57 [-0.19
to 1.34]; P =.14) or between younger and older children
who received burosumab (+0.14 [-0.31 to 0.58]; P = .54).
Examples of imaging showing rickets healing during treat-
ment with Pi/D and burosumab are provided in Fig. 3.

Lower limb deformity

LS mean (SE) RGI-C lower limb deformity score at week 64
was significantly improved by treatment with burosumab,
compared with Pi/D, both in younger children (1.48 [0.26]
vs 0.47 [0.19]; LSMD, +1.02 [95% CI, 0.39-1.64]; P =.002)
and in older children (1.02 [0.22] vs 0.12 [0.14]; LSMD,
+0.91 [95% CI, 0.40-1.41]; P = .001; Fig. 2C). LSMD (95%
CI) RGI-C lower limb deformity score was not significantly
different between younger and older children (+0.12 [-0.69
to 0.94]; P=.77) or between younger and older children
who received burosumab (+0.46 [-0.21 to 1.12]; P =.18).
Examples of imaging showing improvement of lower limb
deformities during treatment with Pi/D and burosumab are
provided in Fig. 4.

Growth

In younger children, the LS mean (SE) recumbent length or
standing height Z-score increased from baseline to week 64
with burosumab (0.15 [0.12]) and decreased from baseline
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Table 2. Exposure to conventional therapy and burosumab

e3245

Conventional therapy (n = 32)

Burosumab (n = 29)

Age<5y(n=12)

Age>5y (n=20) P

Age<5y(n=14) Age>5y(n=15) P

Phosphate, mg/kg

No. 12 20
Baseline mean® (SD) 32.9 (15.6) 38.1(16.3)
Wk 40 mean (SD) 36.6 (15.0) 43.6 (23.5)
Wk 64 mean (SD) 41.7 (16.5) 48.3 (32.8)
Calcitriol, pg/kg
n 10 12
Baseline mean® (SD) 23.3 (8.7) 20.1 (6.1)
Wk 40 mean (SD) 30.0 (15.8) 23.5(10.7)
Wk 64 mean (SD) 30.5 (16.0) 24.4 (10.7)
Alfacalcidol, pg/kg
n 2 7¢
Baseline mean® (SD) 49.5 (21.2) 86.2 (73.8)
Wk 40 mean (SD) 57.1 (32.0) 95.6 (66.9)
Wk 64 mean (SD) 58.1(33.3) 94.7 (64.8)

Total burosumab dose, mg/kg
n
Baseline mean (SD) - -
Wk 40 mean (SD) - _
Wk 64 mean (SD) - -

14 15
3856 33.7(45.8) 27.4 (14.8) 63
3627 - -
3269 - -
11 14
3193 24.3(12.6) 19.2 (6.6) 24
2688 - -
.3004 - -
3 1
5270 55.6 (6.8) 205.5 -
6029 - -
6171 - -
14 15
0.80 (0.07) 0.81 (0.03) .88
0.84 (0.11) 0.91 (0.18) 21
0.89 (0.17) 0.90 (0.20) .84

“Differences in exposure between age groups were compared with a 2-sample ¢ test. Values less than .05 indicate statistical significance.

*Values from before study entry.

‘One child was omitted because they had received eldecalcitol (19.5 ng/kg per day) at baseline and switched to alfacalcidol at week 32 with no dose

adjustments thereafter.

to week 64 with Pi/D (=0.05 [0.07]; LSMD, +0.20 [95%
CI, -0.07 to 0.47]; P =.14; Fig. 2D). In older children, the
LS mean (SE) recumbent or standing height length Z-score
increased from baseline to week 64 with burosumab (0.17
[0.05]) and with Pi/D (0.08 [0.04]; LSMD, +0.09 [95% CI,
-0.03 to 0.22]; P =.15). In younger children who received
burosumab, the change from baseline in recumbent length or
standing height Z-score was greatest during the first 24 weeks
of treatment and then remained stable (ie, appropriate for
age and sex compared with the healthy reference population)
(3) for the remainder of the treatment period, indicating sus-
tained, improved growth. LSMD (95% CI) recumbent length
or standing height Z-score was not significantly different be-
tween younger and older children (+0.10 [-0.21 to 0.42];
P =.52) or between younger and older children who received
burosumab (-0.03 [-0.31 to 0.24]; P = .80).

Most children were prepubertal at baseline (younger,
n=26 [100%]; older, n=32 [91%]). In total, 11 of 61
(18%) children, all of whom were in the older subgroup, had
postbaseline Tanner stage greater than 1, of whom 8 were
Tanner stage 1 at baseline. There was no apparent relation-
ship between Tanner stage and growth during this 64-week
treatment period.

Safety and Tolerability

Safety for the full study population was reported previously
(9). On-study AEs are summarized in Table 3. The inci-
dence of treatment-emergent AEs (TEAEs) was similar be-
tween younger and older children who received Pi/D (10/12
[83%] vs 17/20 [85%]) and who received burosumab (14/14

[100%] vs 15/15 [100%]; see Table 3). Treatment-related AEs
occurred less frequently in younger than in older children,
both with Pi/D (0/12 [0%] vs 7/20 [35%]) and burosumab
(6/14 [43%)] vs 11/15 [73%]).

As reported previously (9), no children had serious
treatment-related AEs, whereas serious TEAEs (all grade
1 or 2) were reported for 3 children who received Pi/D
(craniosynostosis, bilateral genu varum, and hematuria) and
3 children who received burosumab (craniosynostosis, viral
infection, and migraine; see Table 3). Serious TEAEs were less
frequent in younger than older children who received Pi/D
(0/12 [0%] vs 3/20 [15%]) but more frequent in younger
than older children who received burosumab (2/14 [14%] vs
1/15 [7%]).

As reported previously (9), grade 3 TEAEs were reported
for 3 children who received Pi/D (food allergy anaphylaxis,
arthralgia, and craniosynostosis) and 4 children who re-
ceived burosumab (dysuria, high urine ketone, viral gastro-
enteritis, and arthralgia); all resolved. Only the arthralgia in
the burosumab arm was treatment related. No grade 4 or §
AEs were reported, and no AEs resulted in study or treatment
discontinuation (9). In this analysis, grade 3 or 4 TEAEs oc-
curred less often in younger than older children, both with
Pi/D (0/12 [0%] vs 3/20 [15%]) and burosumab (1/14 [7%]
vs 3/15 [20%]).

Injection site reaction, a predefined AE of interest, oc-
curred only among children who received burosumab, and
with similar frequency between younger and older children
(7/14 [50%] vs 8/15 [53%]; see Table 3). Hypersensitivity, re-
ported more often with burosumab than Pi/D, occurred more
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Figure 1. Mean (SD) A, serum phosphorus; B, TmP/GFR; C, 1,25(0H),D; D, 25(0OH)D; E, alkaline phosphatase; and F, plasma iPTH from study weeks 0
to 64 in children younger than 5 and aged 5 years and older who received Pi/D or burosumab every 2 weeks. Dashed lines indicate the LLN for serum
phosphorus (3.2-6.1 mg/dL), TmP/GFR (3.4-5.8 mg/dL), the LLN and ULN for 1,25(0OH),D (25.8-101.5 pg/mL), the 25(OH)D status benchmarked to 20
ng/mL, the ULN for alkaline phosphatase, and the ULN for plasma iPTH (14-72 pg/mL). Alkaline phosphatase is shown as the percentage of the ULN for
age and sex, and the ULN is labeled as 100%, calculated from the following normal ranges: girls aged 1 to 4 years, 317 U/L; girls aged 4 to 7 years, 297
U/L; girls aged 7 to 10 years, 325 U/L; girls aged 10 to 15 years, 300 U/L; boys aged 1 to 4 years, 383 U/L; boys aged 4 to 7 years, 345 U/L; boys aged

7 to 10 years, 309 U/L; and boys aged 10 to 15 years, 385 U/L. For PTH, the dashed line indicates the upper limit of the normal for range (14-72 pg/mL).
1,25(0H),D, 1,25-dihydroxyvitamin D; 25(OH)D, 25-hydroxyvitamin D; iPTH, intact parathyroid hormone; LLN, lower limit of normal; Pi/D, phosphate
salts and active vitamin D; TmP/GFR, tubular maximum for phosphate reabsorption per glomerular filtration rate; ULN, upper limit of normal.

frequently in younger than older children who received Pi/D
(3/12 [25%] vs 3/20 [15%]) and who received burosumab
(8/14 [57%] versus 3/15 [20%]). Notably, no child discon-
tinued burosumab for hypersensitivity (or for any other
reason) during the 64-week study.

The most commonly reported TEAEs were pyrexia, head-
ache, and cough, which are common in the pediatric setting.
Pyrexia, which occurred more frequently with burosumab

than Pi/D (16/29 [55%] vs 6/32 [19%]), was more fre-
quent in younger than older children, both with Pi/D (3/12
[25%] vs 3/20 [15%]) and burosumab (10/14 [71%] vs 6/15
[40%]). Headache occurred in similar proportions of younger
and older children who received Pi/D (2/12 [17%] vs 4/20
[20%]) but was less frequent in younger than older children
who received burosumab (1/14 [7%] vs 9/15 [60%]). Cough,
which was reported more frequently with burosumab than
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Figure 2. Rickets, lower limb deformity, and growth evaluations in children younger than 5 and 5 years and older who received conventional therapy
or burosumab. A, RGI-C rickets total score at study week 64. RGI-C scale: +3.0, complete healing; +2.0, substantial healing; +1.0, minimal healing; O,
unchanged. B, Total RSS at baseline and study week 64. C, RGI-C lower limb deformity score at study week 64. D, Least squares mean (SE) change
from baseline to study weeks 24, 40, and 64 in standing height Zscore. LS, least squares; RGI-C, Radiographic Global Impression of Change; RSS,
Rickets Severity Score. In panels A to C, diamonds indicate means, horizontal lines indicate medians with ranges, and empty circles indicate outliers.

Pi/D (15/29 [52%] vs 6/32 [19%]), occurred in similar pro-
portions of younger and older children who received Pi/D
(2/12 [17%] vs 4/20 [20%]) and burosumab (8/14 [57%] vs
7/15 [47%]). Arthralgia, which was reported more frequently
with burosumab than Pi/D (13/29 [45%] vs 10/32 [31%)]),
occurred less often in younger than older children, both
with Pi/D (2/12 [17%] vs 8/20 [40%]) and burosumab (5/14
[36%] vs 8/15 [53%]). Extremity pain occurred less often in
younger than older children, both with Pi/D (3/12 [25%] vs
7120 [35%]) and burosumab (3/14 [21%] vs 8/15 [53%]).
Timing of reported extremity pain varied, being distributed
throughout the study period.

Dental abscesses occurred in 3 of 12 (25%) younger chil-
dren who received Pi/D compared with 0 of 20 (0%) of the
younger children who received burosumab, whereas 8 of 15
(53%) older children who received burosumab had dental ab-
scesses compared with 0 of 20 (0%) who received Pi/D. Dental
caries, which were reported more frequently with burosumab
than Pi/D (9/29 [31%] vs 2/32 [6%]), occurred slightly more
often in older than younger children who received Pi/D (2/20
[10%] vs 0/12 [0%]) and slightly more often in younger than
older children who received burosumab (5/14 [36%] vs 4/15
[27%]). Other reported AEs, such as constipation, diarrhea,
and nasal congestion, were infrequent.

At baseline, nephrocalcinosis was less frequent in younger
than older children in both treatment groups (Pi/D, 2/12
[17%] vs 7/20 [35%]; burosumab, 1/14 [7%] vs 4/15 [27%];
Table 4). Most children had stable (unchanged)

nephrocalcinosis scores, regardless of age or treatment.
Among older children, an increase in nephrocalcinosis score
from 0 to 1 occurred in 3 of 20 (15%) who received Pi/D and
1 of 15 (7%) who received burosumab; no increases occurred
in younger children. Decreases in nephrocalcinosis score were
uncommon, occurring in 1 older child out of 20 (5%) who
received Pi/D, 1 older child out of 15 (7%) who received
burosumab, and 1 younger child out of 12 (8%) who re-
ceived Pi/D. In both age groups and treatment arms, changes
in plasma iPTH concentrations during the study period were
minimal, and mean concentrations remained within the
normal range (see Fig. 1E).

Discussion

In this post hoc subgroup analysis using data from the phase
3 study of burosumab vs Pi/D in children with XLH aged 1
to 12 years (9), we explored the effect of burosumab vs Pi/D
on phosphate homeostasis, growth, lower limb deformity,
and safety outcomes for those younger (aged 1-< 5 years) vs
older (aged 5-12 years) at study onset. In both age categories,
we found that improvements in phosphate metabolism (ie,
normalization of serum phosphorous and TmP/GFR) and in
rickets/osteomalacia healing (ie, declines in ALP) were con-
sistently greater with burosumab than Pi/D. Normalization of
phosphate homeostasis with burosumab treatment also was
reflected in clinical and radiographic characteristics including
improved growth, rickets healing, and lower limb deformity.
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Figure 3. Knee radiographs showing rickets improvement in children younger than 5 and 5 years and older on conventional therapy or burosumab.
Baseline and week 64 knee radiographs and total RSS scores in A, a 1.8-yearold girl who received Pi/D; B, a 1.0-yearold girl who received burosumab;
C, an 11.9-yearold boy who received Pi/D;, and D, in a 12.5-yearold boy who received burosumab. Pi/D, phosphate salts and active vitamin D; RSS,

Rickets Severity Score.

Regarding the response to burosumab and conventional
therapy in the 2 age categories, at the biochemical level, im-
provements with burosumab were similar, irrespective of age
group (and greater for all measured parameters compared
with the corresponding age groups who received Pi/D). Serum
ALP was lower at week 64 both in older and younger children
who received burosumab compared with those who received
conventional therapy, reflecting a decrease in bone turnover.
Serum ALP declined to a greater extent in older compared

with younger children who received burosumab. This obser-
vation may partly reflect the normal decrease in bone turn-
over that occurs in older children as they approach skeletal
maturity.

Interestingly, serum 1,25(OH),D levels were similar at 64
weeks in both treatment arms, which we hypothesize is likely
due to 2 entirely different mechanisms. In both age groups
on burosumab, 1,25(OH),D rose quickly (within 1-2 weeks),
which we postulate is due, at least in part, to blockade of

220z Jequisides L0 uo 1senb Aq 0982859/ L ¥2E9/8/.01/1o1e/wadl/wod dno-olwspede//:sdiy woly peapeojumoq



The Journal of Clinical Endocrinology & Metabolism, 2022, Vol. 107, No. 8

(A) 1.8-Year-Old Girl, Pi/D

e3249

(B) 1.0-Year-Old Girl, Burosumab

Baseline to Week 64 RGI-C
Lower Limb Deformity, O

(C) 11.9-Year-Old Boy, Pi/D

Baseline to Week 64 RGI-C
Lower Limb Deformity, +2.7

(D) 12.5-Year-Old Boy, Burosumab

Baseline to Week 64 RGI-C
Lower Limb Deformity, O

Baseline to Week 64 RGI-C
Lower Limb Deformity, +2.7

Figure 4. Radiographs showing improvement in lower limb deformity in children younger than 5 and 5 years and older on conventional therapy or
burosumab. Baseline and week 64 knee radiographs and baseline to week 64 RGI-C lower limb deformity scores of A, a 1.8-year-old girl who received
Pai/D; B, a 1.0-year-old girl who received burosumab; C, a 11.9-year-old boy who received Pi/D; and D, a 12.5-yearold boy who received burosumab. Pi/D,
phosphate salts and active vitamin D; RGI-C, Radiographic Global Impression of Change.

excess FGF23 activity and consequently, release of inhib-
ition on renal 1-alpha-hydroxylase. Thereafter, 1,25(OH),D
declined progressively to week 64 on burosumab, which we
suggest is the appropriate physiologic response to restor-
ation of serum phosphate levels when FGF23 overproduction
is effectively treated. In both age groups who received Pi/D,
serum 1,25(OH),D levels remained within the normal range
but lower than those of children who received burosumab,
reflective of excess FGF23 activity causing a reduction in
renal 1-alpha-hydroxylase activity, and thereby, 1,25(OH),D
synthesis (15, 16). In addition, FGF23 also increases expres-
sion of 24-hydroxylase, which catabolizes 25(OH)D and
1,25(0H),D (15, 16). Together, these observations affirm
that neutralization of excess FGF23 with burosumab restores
not only a normal FGF23-phosphate axis, but also calcitriol
regulation.

Greater improvements in rickets healing and lower limb
deformity—2 key complications of XLH—occurred in chil-
dren who received burosumab vs those who received Pi/D,

irrespective of age. In addition, there were similar magnitudes
of improvement in rickets healing and lower limb deformity
on burosumab specifically, irrespective of age. In the phase 3
study of burosumab vs Pi/D, linear growth was modestly im-
proved after 64 weeks with burosumab compared with Pi/D
(mean recumbent length or standing height Z-score differ-
ence, 0.14; 95% CI, 0-0.29; P = .05) (9). Given the greater im-
provement with burosumab vs Pi/D in not only radiographic
rickets healing but also lower limb deformity, both of these
abnormalities may have benefited from the improved growth
with burosumab. In a prior study, children with XLH aged 2
to 12 years who received conventional therapy had declining
growth velocity compared with healthy children of the same
age, resulting in declining height Z-scores in the XLH cohort
(3). Consistent with this observation, in the Pi/D arm of the
present analysis, the linear growth rate declined in younger
children, whereas in older children, the growth rate initially
improved in the first 24 weeks, followed by progressive de-
cline. Among younger children who received burosumab,
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Table 3. Summary of adverse events
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Age<S5y

Age>5y

Conventional
therapy (n =12)

Burosumab(n = 14)

Conventional
therapy (n = 20)

Burosumab(n = 15)

Patients with any treatment-emergent AE, n (%) 10 (83) 14 (100) 17 (85) 15 (100)
Patients with any treatment-related AE, n (%) 0 6 (43) 7 (395) 11 (73)
Patients with any serious treatment-emergent AE, n (%) 0 2 (14) 3(15) 1(7)
Patients with any serious treatment-related AE, n (%) 0 0 0
Patients with grade 3 or 4 treatment-emergent AEs, n (%) 0 1(7) 3(15) 3(20)
Predefined treatment-emergent AEs of interest, n (%)
Injection site reactions 0 7 (50) 0 8(53)
Hypersensitivity 3(25) 8 (57) 3(15) 3 (20)
Treatment-emergent AEs occurring in > 20% of patients
in any group, n (%)
Pyrexia 3(29) 10 (71) 3(15) 6 (40)
Headache 2(17) 1(7) 4 (20) 9 (60)
Cough 2 (17) 8 (57) 4 (20) 7 (47)
Arthralgia 2(17) 5(36) 8 (40) 8 (53)
Pain in extremity 3(29) 3(21) 7 (35) 8 (53)
Tooth abscess 3(295) 0 0 8 (53)
Nasopharyngitis 4(33) 6 (43) 10 (50) 5(33)
Vomiting 4(33) 6 (43) 4(20) 6 (40)
Dental caries 0 5 (36) 2 (10) 4(27)
Injection site erythema 0 4(29) 0 5(33)
Vitamin D decreased? 0 1(7) 1(5) 5(33)
Constipation 0 4 (29) 0 1(7)
Diarrhea 1(8) 4(29) 1(3) 3(20)
Injection site reaction 0 4(29) 0 3(20)
Nasal congestion 1(8) 1(7) 0 4(27)
Rhinorrhea 1(8) 3(21) 1(5) 4 (27)
Gastroenteritis 1(8) 1(7) 2 (10) 1(7)
Influenza 3(295) 2 (14) 3 (15) 2 (13)
Viral gastroenteritis 3(25) 2 (14) 0 0
Oropharyngeal pain 0 3(21) 1(5) 2 (13)
Rash 2(17) 3(21) 0 0
Injection site pruritus 0 0 0 3(20)
Injection site swelling 0 0 0 3(20)
Upper abdominal pain 2(17) 0 1(5) 3(20)

Abbreviation: AE, adverse event.

“Includes the preferred terms, vitamin D decreased and vitamin D deficiency, per Common Terminology Criteria for Adverse Events, volume 4.0.

linear growth was greatest during the first 24 weeks of treat-
ment and thereafter remained stable (ie, tracked appropri-
ately for age and sex); this means that, during the remainder
of the treatment period, children who received burosumab
had sustained, improved growth. Among older children who
received burosumab, the change from baseline in height
Z-scores continued to increase throughout the 64-week treat-
ment period. Overall, our subanalysis did not show that
starting burosumab between age 1 and younger than 5 years
was associated with improved growth relative to initiation
at an older age; however, a study with a larger sample size
that is specifically powered to evaluate the effect of age at
burosumab initiation would be required to address this issue
more definitively. Ideally, such a study would also include in-
fants who manifested renal Pi wasting and signs of rickets,

since linear growth is rapid during the first year of life, and
therefore, the first year may be a particularly sensitive time for
optimization of growth plate mineralization.

In a small retrospective study, Maikitie et al (10) showed
that treatment with conventional therapy initiated before
age 1 year modestly improved final or adult height Z score;
however, it did not prevent the need for surgical interven-
tion in some patients. Quinlan et al (11) similarly demon-
strated some improvements in growth among children with
XLH who started treatment mostly before vs after age 1 year.
Importantly, we note that those 2 studies differ from ours
in 2 ways. First, the studies by Mikitie et al and Quinlan
et al evaluated the effect of age on clinical outcomes from
the initiation of conventional therapy (10, 11). Therefore, the
children were treatment naive before initiating conventional
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Table 4. Summary of renal ultrasound assessments of nephrocalcinosis through study week 64

Age<Sy Age>5y
Conventional therapy ~ Burosumab(n = 14) Conventional therapy ~ Burosumab(n = 15)
(n=12) (n=20)
Baseline score, n (%)
0 10 (83) 13 (93) 13 (65) 11 (73)
1 0 (7) 3 (15) 1(7)
2 1(8) 2 (10) 2 (13)
3 1(8) 2 (10) 1(7)
Maximum postbaseline score increase, n (%)
0-1 0 3(15) 1(7)
Maximum postbaseline score decline, n (%)
2-1 0 0 1(7)
32 1(8) 1(5) 0
Stable nephrocalcinosis score, n (%)
0-0 10 (83) 13 (93) 10 (50) 10 (67)
1-1 0 (7) 3(15) 1(7)
22 1(8) 2(10) 1(7)
3-3 0 1(5) 1(7)

therapy, which means that older children had accrued a
greater height deficit before treatment. In contrast, all of
the children in our study had received conventional therapy
before enrollment, which presumably resulted in prestudy
benefit to growth. Second, the children in our study would
have been categorized as “older” in the previous studies be-
cause they were older than 1 year at enrollment—the average
age of our younger group was 3.1 years. Although the re-
sults of our study are encouraging in that burosumab demon-
strated benefit to growth, lower limb deformity, and rickets
healing in both age groups, it remains unknown whether
treatment with burosumab before the first birthday can re-
duce, or obviate completely, the need for surgical correction
of leg deformity. Further studies are therefore also warranted
to examine the effect of burosumab on lower limb deformity
when initiated before age 1 year and continued throughout
the growth period.

Overall, the safety profile of burosumab in children with
XLH was consistent with prior studies that have shown
burosumab was overall well tolerated (9, 17, 18). We ob-
served that extremity pain occurred more frequently with
burosumab than Pi/D in older children but not in younger
children. Although leg pain is a frequent complaint in chil-
dren with XLH, it is unclear from these results whether ex-
tremity pain was synonymous with leg pain and, if so, why
extremity pain would be more frequent in older children re-
ceiving burosumab compared with Pi/D. We note that children
who received burosumab exhibited greater healing of rickets
and osteomalacia, as well as greater improvement in growth
and lower limb deformity, compared with Pi/D. Interestingly,
adults also have experienced leg pain following burosumab
initiation (9, 17, 19, 20), which we hypothesize may have
been due to increased physical activity and/or the healing of
osteomalacia following restoration of euphosphatemia. In the
present study, we postulate that the extremity pain that oc-
curred just after the prerandomization washout period might
have been due to transient exacerbation of the osteomalacia,
whereas extremity pain that occurred later in the study might

have resulted from osteomalacia healing or increased physical
activity. Overall, the etiology, duration, and intensity of leg
pain during treatment with burosumab require further study.

Dental abscesses are an important manifestation of XLH.
In this study, none of the younger children who received
burosumab experienced dental abscesses, whereas dental ab-
scesses occurred in 53% of the older children who received
burosumab. Based on current understanding, inadequate
mineralization of the dentin with subsequent enlargement
of the pulp chamber (a portal of entry for microbes) is the
main mechanism by which XLH predisposes to dental ab-
scess formation (21-23). It remains unknown if, and to what
extent, mineralization of the dentin might improve with res-
toration of normal phosphate homeostasis on burosumab,
and whether such restoration at a younger age will reduce the
predisposition to dental abscesses. Understanding whether
there is a window of opportunity in children to optimally
mineralize the dentin and positively affect the risk of abscess
formation merits further exploration.

Cough and headache were frequently reported among chil-
dren who received burosumab in the total population in this
trial (52% and 34%, respectively) and in the phase 2 trial
(44% and 50%, respectively) (9, 17). In this analysis, although
the incidence of cough was similar (57% vs 47%) among
younger and older children who received burosumab, the inci-
dence of headache was less (7% vs 60%) among younger chil-
dren than older children who received burosumab. Further
study is needed to determine whether there is any association
between age and the occurrence of cough and headache with
burosumab treatment.

Nephrocalcinosis, a complication of conventional Pi/D
therapy for XLH (5, 24), was more frequent at baseline in
older than in younger children. This could reflect the longer
durations of conventional therapy in the older children. In
this study nephrocalcinosis scores did not increase over 64
weeks in any of the younger children in either treatment
group, whereas nephrocalcinosis scores did increase in a
small number of the older children. Preventing or mitigating
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nephrocalcinosis in children with XLH remains an important
area of investigation. Consistent with prior observations (9),
plasma iPTH concentrations changed little during the study
period, and concentrations remained within the normal range,
regardless of age group or treatment arm.

A strength of the present study was the participation of
international sites, which generalized the results to a broad
population of children, and the randomized, controlled study
design. On the other hand, our post hoc subgroup analysis
was limited by the small sample sizes among age subgroups,
the open-label design of the trial, the variation in Pi/D dosing,
and that adherence to Pi/D was not measured by drug ac-
countability; however, the number of missed dosing days were
captured (9). Six-minute walk time could not be assessed in
this analysis, as the study was designed to assess it only in
children who were at least aged 5 years and able to com-
plete the test (9). Nevertheless, clinically meaningful differ-
ences with burosumab vs Pi/D were observed in younger and
older children for key clinical outcomes, including growth
and lower limb deformity. A further limitation was our in-
ability to evaluate the effect of pubertal growth among the
older children, as pubertal stage increased from Tanner stage
1 at baseline to Tanner stage 2 or higher at week 64 in only
8 children. Thus, further studies are needed to evaluate the
influence of burosumab on pubertal growth among children.

In conclusion, improvements in phosphate homeostasis,
rickets, and lower limb deformities were greater switching to
burosumab than continuing Pi/D both in younger and older
children with XLH. Further clinical studies that are suffi-
ciently powered are needed to specifically address whether
initiating burosumab at an earlier (rather than later) age
ameliorates growth, lower limb deformity, and the risk of
dental abscesses. The relationship between the PHEX geno-
type and various XLH outcomes on different treatment regi-
mens also merits further study. The XLH Disease Monitoring
Program (ClinicalTrials.gov No. NCT03651505) will provide
long-term (10 years) longitudinal evaluation of patients with
XLH with or without treatment with burosumab.
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